Rotaviruses are the major cause of acute gastroenteritis in infants world-wide. The genome consists of eleven double stranded RNA segments. The major segment encodes the structural protein VP1, the viral RNAdependent RNA polymerase (RdRp), which is a minor component of the viral inner core. This study is a detailed bioinformatic assessment of the VP1 sequence. Using various methods we have identified canonical motifs within the VP1 sequence which correspond to motifs previously identified within RdRps of other positive strand, double-strand RNA viruses. The study also predicts an overall structural conservation in the middle region that may correspond to the palm subdomain and part of the fingers and thumb subdomains, which comprise the polymerase core of the protein. Based on this analysis, we suggest that the rotavirus replicase has the minimal elements to function as an RNA-dependent RNA polymerase. VP1, besides having common RdRp features, also contains large unique regions that might be responsible for characteristic features observed in the Reoviridae family.
INTRODUCTION
Rotaviruses, members of the Reoviridae family, are the major world-wide cause of acute gastroenteritis in infants and young children (Parashar et al., 2003) . The rotavirus virion is a non-enveloped icosahedron, consisting of three concentric protein layers and a viral genome composed of eleven double stranded RNA (dsRNA) segments (Kapikian et al., 2001 ). These segments encode six structural and six nonstructural proteins (Estes, 2001) . Segment one encodes the structural protein VP1, the rotavirus putative RNA-dependent RNA polymerase (RdRp) (Eiden & Hirshon, 1993 , Gallegos & Patton, 1989 , Valenzuela et al., 1991 . This enzyme is proposed to possess transcriptase and replicase functions. These activities catalyze the formation of the viral mRNA (plus strand synthesis) and the dsRNA genome (minus strand synthesis), respectively (Eiden & Hirshon, 1993 , Estes, 2001 . VP1 together with VP3, the capping enzyme (Liu et al., 1992 , are the minor components of the viral core (a single copy of each per fivefold lattice) (Prasad et al., 1996) . VP1 specifically recognizes multiple signals contained in the last 60 nucleotides of the 3' end of the viral mRNA of gene 8 (Patton, 1996 , Tortorici et al., 2003 . To date, the region(s) of VP1 responsible for this specific recognition of the 3' end of the plus strand has not been identified. This is not unexpected due to the lack of information about the structural-functional features of this viral protein, i.e. the location of the nucleic acid-protein and the protein-protein interacting regions in VP1 are unknown. This can be attributed in part to its large size (1,088 aa, 125 kDa), to the lack of a solved structure and to the requirement of VP1 for the core lattice protein (VP2) to form a competent replication complex (Patton, 1996 , Tortorici et al., 2003 . To date, the VP1 sequence has been poorly studied; specifically, few amino acids have been suggested to play an important role in protein function. Previous studies include the identification of conserved residues by full sequence alignments of VP1 from group A, B and C rotaviruses (Bremont et al., 1992 , Eiden & Hirshon, 1993 , Mitchell & Both, 1990 , and by short alignments using other viral replicases of positive strand RNA viruses (Cohen et al., 1989 , Mitchell & Both, 1990 . The function of these conserved amino acids has been described in other viral RNA polymerases (i.e. phage φ6, HCV, Poliovirus RdRp), using biochemical (site-directed mutagenesis) and/or biophysical methods (crystallography and X-ray diffraction) (Bressanelli et al., 1999 , Butcher et al., 2001 , Ribas & Wickner, 1992 . In such enzymes, these residues are organized in typical motifs and are situated in the catalytic core of the polymerases, playing an important role in catalysis. In rotavirus, there is no experimental data to show that these amino acids form part of the motifs and could be involved in polymerization or interaction with the template. Some early studies have suggested the presence of these motifs in the rotavirus VP1 protein by sequence comparison of viral RdRps (Bruenn, 1991 , Almanza et al., 1994 . However, these studies did not clearly describe the classical motifs containing the conserved amino acids, or analyze the VP1 sequence for features characteristic for other viral RNA polymerases.
The vast information available about viral RNA polymerases has allowed us to perform a detailed study of the rotavirus VP1 sequence using a bioinformatic approach. This study is based on the observed conservation of the secondary structure of the palm subdomain in other replicases of positive strand and double strand RNA viruses. This conservation helped us first, to visualize and describe the possible motifs and amino acids that may be implicated in polymerization and sugar selection; and second, to delimit the polymerase region in the VP1 sequence guided by the predicted structural conservation in the middle part of the protein. Finally, the prediction of a polymerase region in VP1 enabled us to observe, by a conserved domain search, the possible tertiary structure of the central region of the protein.
METHODS

Cell culture, virus propagation and RNA purification
Rhesus monkey fetal kidney cells (MA104) were maintained in minimal essential media (MEM) supplemented with 10% fetal bovine serum and grown at 37 o C. Simian Rotavirus strain SA11 was propagated and titrated in these cells. The dsRNA was purified from viral particles as previously described (Spencer & Arias, 1981) . The gene 1 was purified from the viral dsRNA genome by gel electrophoresis in 0.8% low melt point (LMP) agarose following previously described procedures (Sambrook et al., 1989) ; approximately 50 ng of purified gene one dsRNA was used for each RT-PCR amplification reaction.
cDNA synthesis, cloning and sequence determination
The complete open reading frame of gene one, which corresponds to VP1, was amplified using a two step RT-PCR reaction: AMV-RT (Promega) and Elongase (Invitrogen) were used for the cDNA synthesis and amplification steps, respectively. Using combinations of primers that contain Sal I or Hind III restriction sites, the amplified products were cloned in pFastBac Hta (Invitrogen) and transformed into Escherichia coli DH5α following general protocols described elsewhere (Sambrook et al., 1989) . A combination of the primers: (5'-TAGCGTCGACGAATGGGGAAGTACAA TCTAATC-3'; 5' GGGAAGCTTCTATGG TTTATCAACATTCACTGG-3'), (5'-TAG CGTCGACGACCAGTGAATGTTGATAAA CCA-3'; 5'-GGGAAGCTTCTATCTCTTT TCATTATTAAGTAG-3') and (5'-TAGCG TCGACGACTACTTAATAATGAAAAGAGA-3'; 5'-GGGAAGCTTCTAATCTTGAAAG AAGTTCGCGTT-3'), was used to amplify the nucleic acid sequence corresponding to the N-termini, middle and C-termini region of VP1, respectively. Transformants were selected on LB agar plates supplemented with ampicillin (100 mg/ml). Plasmid purification was realized by the common alkaline lysis procedure (Sambrook et al., 1989) . The presence of the correct insert was confirmed by restriction enzyme digestion and PCR. The DNA was visualized by electrophoresis on agarose gels [0.9%] stained with ethidium bromide [0.5 μg/ml]. The insert was sequenced at least three times by automated sequencing with an ABI PRISM 3100 genetic analyzer (PE Applied Biosystems), the full sequence was determined by contiguous assembly.
Sequence manipulation and analysis
The obtained VP1 sequence was compared with various RdRp sequences available in the Genbank database (http:// www.ncbi.nih.gov/Genbank/index.html). The alignments were made using ClustalW 3.0 (http://www2.ebi.ac.uk/clustalw/) and edited in BOXSHADE 3.21 (http:// w w w . c h . e m b n e t . o r g / s o f t w a r e / BOX_form.html). The secondary structure prediction of complete amino acid sequences was made using the PSIPRED protein structure prediction server (http:// insulin.brunel.ac.uk/psipred/). The visualization of the possible tertiary structure of the palm subdomain was initially performed using the conserved domain (CD) search option in the Blast page (http://www.ncbi.nlm.nih.gov/ BLAST/), where the initial output is an alignment with various polymerases including among them a protein with a solved structure. The alignment between the query protein and the protein with a solved structure allows the modeling program Cn3D 4.0 (NCBI/NIH), to show the regions of similarity on the crystal structure of the solved protein. The motif searcher program MEME (GCG/Wisconsin package) was used to find and confirm the previous motifs identified by visual determination. The input to the program consisted of an appropriate pool of sequences (i.e. short sequences containing the described motifs). The sequences were of 457 aa in length and corresponded to the middle region of the proteins including, for instance, the RdRp canonical motifs.
Sequence accession numbers
The amino acid sequences of RdRps from various viruses selected for this study were: brome mosaic virus (BMV) (822 aa 
RESULTS
Comparison of VP1 sequences available in the database.
The complete VP1 nucleic and amino acid sequence reported in this study was used as a template to search for other related rotavirus VP1 sequences in the database (http:// www.ncbi.nlm.nih.gov/BLAST/). The VP1 sequences were then aligned using the program ClustalW. Interestingly, when the amino acid sequence is aligned with VP1 sequences from the same group (A) (i.e. bovine UK and RF, porcine Gottfried, avian) or with other rotavirus groups (IDIR-B, Cowden-C), the main differences were found in the amino-and carboxi-termini of the protein and not in the central region (data not shown). This suggests that the middle section of the protein represents a region of high homology with respect to the amino acid variations that are seen for the rest of the protein and for instance this zone could have an important role in enzyme function, for example, polymerization.
Localization of canonical motifs displayed by other viral RdRps in the rotavirus VP1 sequence.
In different families of polymerases, or even within the same family there are only a few conserved amino acids, and these are essential for the catalytic function of the enzyme. These amino acids are in a particular and strictly structural context in the catalytic core of the enzyme (O'Reilly & Kao, 1998) . Some of these amino acids are involved in the coordination of the bivalent cations needed for the nucleophilic attack mediated by a two-metal-ion mechanism (Steitz, 1998), while other residues are important for sugar selection (Brautigam & Steitz, 1998 , O'Reilly & Kao, 1998 . The motifs that contain these conserved amino acids are well described for different groups of polymerases, in particular the motif involved in the coordination of the bivalent ions (motif C). The nature of these motifs is diverse, they vary depending on the sugar selection of the enzyme and according to the class of polymerase that they belong to, for example, reverse transcriptases (RTs), multimeric DNA-dependent RNA polymerases (RNA pols), RdRps (Joyce & Steitz, 1995) . Several works previously described the nature of the motifs shared by viral RdRps (Koonin, 1991 , Koonin et al., 1989 , O'Reilly & Kao, 1998 , Poch et al., 1989 . This information was used to search the rotavirus VP1 sequence for the classical motifs described in other RdRps. In order to accomplish this, our initial approach was to search for motifs in VP1 guided by the defined structural context in which these are situated. The most notorious of these is the ubiquitous motif C, which is strictly located between two short beta strands usually present in the middle portion of the protein (O'Reilly & Kao, 1998) . Koonin et al, had initially described eight motifs in positive strand RNA viruses, where three of them are present in almost every RdRp, with very few exceptions (Shwed et al., 2002) . We were able to find, guided by a particular secondary structure context, these three motifs (A, B and C, or often called motifs IV, V and VI), as well as two of the other five motifs initially described in positive strand RNA viruses, motifs D and F ( Fig. 1 ) (Johnson et al., 2001 , Koonin et al., 1989 , O'Reilly & Kao, 1998 . All of the motifs that were identified are in the same classical arrangement as is seen for other positive strand, double-strand RNA viruses (O'Reilly & Kao, 1998) . In the case of motif E, which is involved in a hydrophobic interaction with the thumb subdomain (O'Reilly & Kao, 1998), we were unable to define the motif precisely. This was due to the fact that the motif could not be located in a correct structural boundary, which is usually described to have serine residues and to be in a rich beta strand region following the motif D (Johnson et al., 2001) (Fig. 1) . Once the motifs were defined, short sequence alignments with other positive, and negative strand, double-strand RNA viruses were made (Fig. 2) . The conserved amino acids that we found in VP1 are in a very defined structural context as was described for other viral RdRps. The results also show that the motifs belonging to positive strand and dsRNA viruses are much more similar between them than when compared with the representatives of the negative strand RNA viruses. This could give us an idea of the phylogeny of the RNA viruses, where possibly the minus strand RNA viruses could have had an early divergence or, alternatively, have a different origin. This suggestion is in agreement with a phylogenetic tree made in the MEGA program (Version 2.1) (data not shown) and with more extended studies (Zanotto et al., 1996) .
In a second approach, with the aim to find novel motifs in the rotavirus sequence, we performed a motif search using the MEME program (GCG/Wisconsin package) (Bailey & Elkan, 1994) . The results of the program show the presence of the canonical motifs in the VP1 sequence as previously identified in this study ( Fig. 1) and no novel motifs. The results obtained using this program serve to define similarities with the motifs detected earlier by visual analysis of the rotavirus VP1 sequence.
In order to find other amino acids of interest in the rotavirus replicase, we performed a PSI-Blast protein search (nonredundant database), using small VP1 sequence segments. Each segment corresponds to 128 aa of the full sequence with an overlap of 64 aa between them. This approach was made with the aim to get only short nearly exact matches and for instance, to avoid the polymerase region bias during Figure 1 : Identification of the canonical motifs present in other viral RdRps in rotavirus VP1. The motifs in the VP1 protein are in a particular structural context and in a specific arrangement, as is the case for other viral RdRps. The identified motifs are shown by underlines of different colors. In addition a tentative location for motif E is shown. Alpha helix and beta strand predicted secondary structures are represented as an arrow and a tubular structure, respectively. Numbers denote the amino acid at which the sequence shown starts or ends. the search. The search was performed until the iterations converged. Only one site of interest with a value sufficiently higher than the threshold background level was found. It is located towards the C-terminus, between the amino acids 802 and 856. This site presents similarity with mitochondrial ATPases/ATP synthases, and could be a novel ATP binding site in VP1, different to the more common NTP binding loop used for polymerization, which is composed of amino acids corresponding to the fingers and palm subdomains (motif F) (Butcher et al., 2001 ).
Prediction of a polymerase region in VP1 based on the RdRp structural conservation of other positive strand and dsRNA viruses
Despite their great structural heterogeneity, distinct types of polymerases share common features that are responsible for their catalytic function of polymerization of nucleic acids (Steitz, 1998 , Steitz, 1999 . Their domains have a similar overall architecture, with a conformation resembling a right-hand (Brautigam & Steitz, 1998 , Cramer, 2002 . The polymerases can be classified by their catalytic function, for example, according to the nature of the template that is recognized and to the type of substrate (rNTPs or dNTPs) that is used for the polymerization, and/or to the structural architecture of their subdomains (fingers, palm and thumb). The RdRps, as is the case for other classes of polymerases, share a particular overall structural conservation of their basic domains (fingers, palm and thumb) within the family (O'Reilly & Kao, 1998) . With the objective to determine if the rotavirus polymerase adhered to this structural conservation, we performed the secondary structure prediction of the VP1 sequence together with RdRps from positive strand and dsRNA viruses. The program PSIPRED was used to predict the secondary structures of the different viral sequences. Results of the predictions suggest a structural conservation of the polymerase core region in the RdRps secondary structure, as was previously described (Fig.   3 ) (O'Reilly & Kao, 1998) . This conservation is extended to the predicted rotavirus VP1 secondary structure, where the conserved part is in its middle region (Fig.  3) . This region, similar to the other viral RNA polymerases, is predicted to be located the palm subdomain and part of the fingers subdomain. The predicted conservation in the middle part of the protein is in concordance with the distribution of the motifs and amino acids implicated in the polymerization reaction (located mostly within the palm subdomain) (Brautigam & Steitz, 1998) . The observed degree of conservation decreases towards the aminoand carboxy-termini, zones in which the main part of the fingers (the distal region to the palm) and the complete thumb Grey highlighting denotes amino acid similarity. Black highlighting denotes identity between the sequences belonging to the same group. The amino acids highlighted with different colors (yellow, cyan, red or blue) also represent identity, and are the conserved amino acids described in several studies that comprise the active site and are critical for the polymerase activity. Numbers at the left of each sequence show the position at which the residue starts in the full sequence. Graphics in the upper part of the alignment show the representative and conserved secondary structure predicted for the motifs. The blue line shown in the double stranded group indicates rotavirus sequences.
subdomains are probably located. Finally, close to the N-and C-termini of the protein, the predicted structural similarity completely breaks down. The polymerase region does not cover these zones of the protein, and is predicted to end approximately 320 aa from the N-termini and 220 from to the C-termini of the VP1 sequence, thus comprising almost half of the total protein sequence length (Fig.  3) . The N-and C-termini of the protein vary greatly from one polymerase to another, these unique regions may be involved in the specific recognition of template by the polymerase, or alternatively, may give some special catalytic properties to the protein (eg. a proofreading domain in the Klenow fragment, or a RNase H domain in the RT of HIV) (O'Reilly & Kao, 1998) .
Visualization of a possible threedimensional structure of the VP1 middle region based on the partial sequence similarity with the rabbit hemorrhagic disease virus polymerase
The possible three-dimensional structure of the rotavirus polymerase middle region was observed by a conserved domain alignment (CD alignment) (Fig. 4) . This was possible using the CD search option in the Blast page (see methodology) (Marchler-Bauer et al., 2003) . This program compares a protein sequence against the conserved domain database (Smart and Pfam) using the RPS-BLAST program. This allows the prediction of known functional and structural domains in protein query sequences. Enough similarity was found to make a partial alignment of the VP1 sequence with the sequence of a crystallized protein, in this case the RdRp of the Rabbit Hemorrhagic Disease Virus (RHDV), a positive strand RNA virus belonging to the Caliciviridae family (Ng et al., 2002) . The program was able to perform an alignment of residues 458-633 of the VP1 sequence and 186-356 of the RHDV RdRp sequence (where most of the motifs of both proteins are located), and to show this region of VP1 as a threedimensional structure based on the structure of this region from the crystallized RHDV protein (Fig. 4) . Thus, this approach was possible using the sequence corresponding to the middle region of the protein, from residues 438 to 776 of VP1, and not the rest of the protein due to the lack of general sequence similarity and structural conservation that occurs outside of the middle region of the replicases. The regions of similarity obtained by the alignment and Figure 3 : Secondary structure conservation at the polymerase region of the rotavirus replicase. The superimposition of the predicted secondary structures belonging to plus and double stranded viral RdRp sequences is shown. Motif C (GDD) of the palm subdomain was used as a signature to start the superimposition of the secondary structures towards N-and C-termini of the protein. The dashed lines in some structures denote a gap in the superimposed predicted structure. As was seen previously, the continuity of the palm subdomain is stopped by part of the fingers subdomains (proximal to the palm region) in these types of polymerase (RdRps or RTs). Some of the predicted secondary structures do not have complete structural equivalence compared to the crystallized form of the protein. The predicted secondary structures were chosen for the structural superimposition in order to have a consistent bias. observed in the crystal structure of the RHDV RdRp corresponds to the predicted palm and part of the fingers subdomain in VP1, where the conserved residues (identical or similar) are those that lie in the active site of the protein and are mainly located in the palm subdomain. The rest of the VP1 sequence in the alignment does not have any similarity with RHDV RdRp and could correspond to part of the putative fingers and part of the thumb subdomain, where the similarity decreases. The results obtained in this section provide us a basis to postulate that the central core of the rotavirus replicase probably has a typical right handed conformation described for other RdRps of positive strand and dsRNA viruses.
DISCUSSION
The gene one of the rotavirus genome encodes for the structural protein VP1. This viral protein forms part of the rotavirus replication machinery that also includes the core lattice protein VP2 and the capping enzyme VP3. VP1 needs the presence of VP2 to form a competent replication complex and display replicase activity. VP1 has been assigned as the viral RdRp but little is known about its functional domains. This protein is not well studied, i.e. there has been no information reported about which region of VP1 is interacting with the viral mRNA or dsRNA templates prior to polymerization, or with the structural proteins VP2 and VP3, or the non-structural protein NSP2. Also, there have been no reports of which amino acids of the rotavirus replicase have an important role in the catalytic function of the protein. With the aim to provide a better understanding of this viral protein, we performed a detailed analysis of its amino acid sequence.
Bioinformatic programs available on the world wide web (internet), were used to predict motifs shared by viral RdRps in the rotavirus VP1 sequence. We were able to predict five of the eight motifs initially described in plus stranded virus polymerases using the structural conservation in the middle part of the viral polymerases as a guide. In addition, we identified conserved amino acids that make up these motifs, which could be involved in polymerization and sugar selection during nucleic acid synthesis. A predicted structural conservation of the putative palm subdomain in rotavirus VP1 by comparison with the predicted secondary structures of other viral RNA polymerases was shown. Finally, this predicted conservation in the middle part of the protein allowed us to perform a conserved domain search, and further, observe the possible threedimensional structure of the VP1 middle part based on the RHDV polymerase. Based on this approach, we suggest that the rotavirus replicase contains features common to other positive strand, dsRNA viral polymerases, namely motifs and conserved amino acids, including an overall structural conservation of the middle portion (proximal part of the predicted fingers and palm subdomains).
As was expected, the predicted structural conservation was reduced towards the distal fingers (fingertips) and thumb putative subdomains, and was absent towards the N-and C-termini, based on other viral RdRps. Since the palm subdomain harbors nearly all the described motifs (only one known motif is present in the fingers subdomain, motif F, and there are no classical motifs described for the thumb), it is reasonable to suggest that this domain is structurally conserved and that this structural conservation decreases closer to the other subdomains, where there is almost no motif that comprises the catalytic nuclei of the enzyme. We also suggest that in the case of a large size protein, such as the rotavirus replicase (1,088 aa, 125 kDa), the polymerase region corresponds to only one half of the total protein, where the other half of the VP1 protein (distributed in the N-and Ctermini of the protein) could be unique regions. This data is in concordance with the size observed for other RdRps polymerase domains (eg. in phage φ6 is approximately 600 aa) (Butcher et al., 2001) . This is even more evident in the solved structure of the reovirus λ3 RdRp (Tao et al., 2002) , where the polymerase domain corresponds to only 509 of a total of 1,267 aa. This protein has two accessory domains, an N-terminal domain and a C-terminal (bracelet) domain, that give it a three-dimensional cage-like structure with other characteristic features. It is presumable that related viruses belonging to the same Reoviridae family, like rotavirus, will have the similar overall domain dispositions and arrangements, including some unique characteristics. It is postulated that every polymerase must have two types of interactions with its template: one specific, the interaction that is made prior to the formation of the preinitiation complex (binding); and another unspecific, the interaction that the polymerase has while bound to the template during elongation (Steitz, 1998) . It will be interesting to see if the rotavirus RdRp has a defined domain for the specific recognition of its template, and where this domain is located. This type of bionformatic approach enabled us to suggest unique regions in the protein, where one can look for novel protein functions. For example, a novel site in the rotavirus VP1 sequence was found (residues 802 to 856) that could be related to a possible ATPase activity and be an attractive target for mutagenesis. Such an activity could be useful for a helicase activity during the transcriptase mode of VP1, when the enzyme utilizes dsRNA as a template, and be related to the high in vitro polymerase activity observed for the rotavirus double-layered particles (Spencer & Arias, 1981) . We are aware that these are predictions and they will require further experimental studies to corroborate the data, particularly using biophysical methods such as crystallography/X-ray diffraction or NMR techniques and functional methods such as mutagenesis and biochemical studies. Nonetheless using this kind of approach we have strengthened the notion that VP1 is the rotavirus RNA-dependent RNA polymerase.
